The formylglycine generating enzyme (FGE) catalyzes oxidative conversion of specific peptidyl-cysteine residues to formylglycine. FGE mediates O 2 -activation and hydrogen-atom abstraction in an active site that contains Cu(I) coordinated to two cysteine residues. Similar coordination geometries are common among copper-sensing transcription factors and copper-chaperone but are unprecedented among copper-dependent oxidases. To examine the mechanism of this unusual catalyst we determined the 1.04 A structure of FGE from Thermomonospora curvata in complex with copper and a cysteine-containing peptide substrate. This structure unveils a network of four crystallographic waters and two active site residues that form a highly acidic O 2 -binding pocket juxtaposed to the trigonal planar tris-cysteine coordinated Cu(I) center. Comparison with structures of FGE in complex with Ag(I) and Cd(II) combined with evidence from NMR spectroscopy and kinetic observations highlight several structural changes that are induced by substrate binding and prime the enzyme for O 2 -binding and subsequent activation. ; Tel: +41 612071143 † Electronic supplementary information (ESI) available: Detailed descriptions of all experiments, supporting Fig. (S1-S15) and Tables (S1-S4) are shown in the ESI. See
Introduction
Copper is a versatile catalyst for oxygen-dependent reactions. Combined with appropriate ligands, copper can cycle between the oxidation states I, II and III to activate molecular oxygen (O 2 ) and to form reactive oxygen species that can initiate very difficult reactions. [1] [2] [3] Mechanistic appreciation of this reactivity is an important prerequisite to understand the fundamental role of copper in biology and to exploit its potential in chemical synthesis. 4 There are two groups of copper-proteins that are most relevant for the subject of the present report: mononuclear copper enzymes that utilize O 2 as an oxidant, and copperbinding proteins that suppress unspecic and cytotoxic activities of copper in the cell. 5 The group of known mononuclear copper enzymes includes lytic polysaccharide monooxygenases (LPMO), 6, 7 particulate methane monooxygenase (pMMO), 8 peptidylglycine-a-hydroxylating monooxygenase (PHM), 9, 10 copper amine oxidase (CAO), 11 and dopamine-b-hydroxylase (DBH). 12 These enzymes bind copper in histidine-dominated tetrahedral or square planar coordination spheres. The structure of these enzymes have inspired the development of abiotic copper-ligands in order to examine specic aspects of copper-catalysis, but also with an eye on application in organic synthesis. 2, 13 Not surprisingly, most of these compounds also contain nitrogenrich ligand sets.
The mononuclear copper proteins of the second group do not necessarily catalyze reactions but rather contribute to cellular copper-transport and sensing. Representative examples are the Cu-responsive transcriptional activator CueR, 14 and the copper chaperone Atox1. 15 These proteins bind Cu(I) in a linear bis-cysteine coordination sphere with extremely high affinity. 16 This coordination-type provides an ideal solution to form redox inert protein:copper complexes with maximal thermodynamic stability, while enabling reversible transfer of Cu(I) from one protein to another. 15, 17 The formylglycine generating enzyme (FGE) is unique, since it cannot be attributed to either the rst or the second group of copper-binding proteins. FGE binds a single Cu(I) by linear biscysteine coordination and catalyzes copper-dependent O 2 activation. 18, 19 FGE catalyzes the oxidative conversion of specic peptidyl-cysteines to formylglycine via abstraction of the pro-(R)-b-hydrogen atom (fGly, Fig. 1 ). This posttranslational modication is important for sulfatases which use the hydrated form of fGly as catalytic nucleophile. 20 FGE has attracted scientic interest for several reasons. Initially, this enzyme was discovered in the pursuit of nding the molecular cause for the storage disease multiple sulfatase deciency. 20, 21 The subsequent realization that FGE can be used as a tool to introduce electrophilic aldehyde functions into recombinant proteins highlighted the considerable biotechnological potential of this enzyme. [22] [23] [24] Finally, the recent discovery that FGE is a copperdependent enzyme opened the door for mechanistic studies on this unique enzyme. 18, 19, 25, 26 The crystal structure of FGE from Thermomonospora curvata (tcFGE) in complex with Ag(I) (tcFGE_Ag, PDB: 5NXL), and most recently, the crystal structure of FGE from Streptomyces coelicolor in complex with Cu(I) (scFGE_Cu, PDB: 6MUJ), combined with biochemical characterization showed that two active site cysteines are the only metal ligands and that the Cu(I) bound state is the catalytic resting state. [25] [26] [27] In this way, FGE represents an entirely new type of copper-enzyme. Structural and mechanistic studies on this enzyme may inspire new directions in the design of abiotic copper-catalysts. 2 Conversely, the similarities of the primary metal coordination sphere in FGE and non-catalytic Cu-binding proteins raise the questions as to what secondary features may enable O 2 -activation by FGE. Identication of these features may help to identify redox enzymes, masquerading as coppertrafficking proteins, or could provide guidelines to engineer novel redox-activity into existing copper-proteins.
In this report we describe the crystal structure of tcFGE in complex with Cu(I) and a 17-residue substrate analog. Based on this structure together with NMR spectroscopy and kinetic characterization, we identify an acidic O 2 -binding pocked juxtaposed to the copper center as key determinant for efficient O 2 -activation.
Results and discussion
Crystallization of tcFGE in complex with Cu(I) and a substrateanalog
Recombinant tcFGE was produced in Escherichia coli (see ESI †). 19 The puried enzyme was crystallized in the presence of 1.2 equivalents of Cu(I) and 2.8 equivalents of a synthetic 17residue substrate-analog. To stabilize the enzyme:substrate complex, crystallization and room-temperature handling of the crystals were executed under anoxic conditions. The sequence of the substrate-analog (FGE-27: Abz-ATTPLCGPSRASILSGR, Abz ¼ o-aminobenzoic acid) was derived from the active site segment of a putative arylsulfatase (WP_012850446) from T. curvata. Using isothermal titration calorimetry (ITC), we established that this peptide binds to an inactive variant of tcFGE (tcFGE W228F , see below) with a K d ¼ 40 AE 10 nM ( Fig. S2 †) , indicating that the wild type enzyme would also form a stable complex with this peptide. Single crystals were isolated from solutions containing puried tcFGE (21.5 mg mL À1 ), CuCl, peptide, PEG 8000 (10%), Tris-HCl (0.1 M, pH 7.0) and MgCl 2 (0.2 M). Diffraction data could be processed up to a resolution of 1.04Å ( Fig. 2A ). At this resolution conservative estimates of standard deviations (r.m.s.) are AE0.05Å for bond lengths and AE2 for bond angles. 28 The unbiased electron density revealed a continuous polypeptide chain from À1 to 302 for tcFGE and from Abz (À6) to Gly (11) for the substrate FGE-27. Two Ca(II) ions were identied in two conserved calcium binding sites ( Fig. S3 †) . 26, 29, 30 The high resolution of this data set allowed placement of 494 crystallographic waters, in particular four waters in the active site (H 2 O_1-4) with high condence (Fig. S4 †) . The overall structure of tcFGE and its similarity to human FGE (hsFGE) and scFGE has been discussed previously. 26, 29, 30 Therefore, the main focus here will be on the structure of the substrate binding pocket and the metal binding site. For this discussion we compare tcFGE in complex with Cu(I) and substrate (tcFGE_Cu_S) with the structure of tcFGE in complex Ag(I) (tcFGE_Ag) as a model for tcFGE in complex with Cu(I) (tcFGE_Cu). The structure of scFGE in complex with Cu (scFGE_Cu) has also become available very recently. 27 The metal binding sites in scFGE_Cu and tcFGE_Ag were found to be essentially isostructural.
Position of the substrate
The unbiased electron density for the peptide reveals ordered positions for all residues except for the C-terminal Arg10 (Fig. 2B ). The residues in the N-terminal part (Ala-5-Ser4), except for Cys1, adopt extended backbone conformations (f ¼ À50 to À136 ; j ¼ 120-170 ). The conformation of Cys1 (f ¼ À108 ; j ¼ À20 ) induces a sharp turn allowing this residue to access the copper localized at the deepest point of the substrate binding pocket ( Fig. 2 ). Pro-2 and Pro3 make extensive hydrophobic interactions with Phe38/Tyr273 and Phe86/Trp109 respectively. In contrast, Ala-5, Thr-4, Thr-3 and Leu-1 make little or no contact with the protein surface. The C-terminal residues Arg3-Ile6 adopt dihedral angles consistent with a helical conformation (f ¼ À90 to 62; j ¼ À30 to À5). Indeed, the network of intramolecular backbonebackbone hydrogen bonds is reminiscent of a short 3 10 -helix ( Fig. 2C ). The side chain of Ser4 hydrogen bonds to the backbone amide of Ser7 (3.0Å), serving as a N-terminal helix cap. 31 In return, the side chain of Ser7 hydrogen bonds with the backbone carbonyl of Ser4 (2.7Å). The guanidinium side chain of Arg5 makes a p-cation interaction with the indole ring of Trp84, in addition to hydrogen-bonds with Ser290 (2.8Å), and the backbone carbonyl of Trp84 (2.9Å). The side chain of Ile8 binds to a hydrophobic dell lined by the side chains of Trp84, Phe86, Met99 and Ala101. The side chains of Ala6, Leu9 and the following residues (Ser10, Gly11 and Arg12) make no interaction with the protein surface. The helical structure of the substrate may be further stabilized by weak interactions with neighboring tcFGE chains ( Fig. 2D and E).
hsFGE has been crystallized with a seven-residue substrate (LCTPSRA, hsFGE_S, PDB: 2AIK). 32 This structure contains no metal in the active site and Cys366 (Cys274 in tcFGE) was mutated to Ser. Instead, the substrate cysteine is linked via disulde bond to Cys341 (Cys269 in tcFGE). Despite these damages, the equivalent substrate residues in tcFGE_Cu_S and hsFGE_S adopt almost identical positions in the substrate binding pocket ( Fig. S5 †) . Apparently, residues 0-5, the conserved residues Pro3 and Arg5 in particular (numbering according to tcFGE_Cu_S) make sufficient interactions with the substrate binding pocket to steer the targeted cysteine residue into the active siteeven in the absence of Cu(I).
Indeed, the biotechnological potential of FGE depends on its ability to target cysteine residues embedded in the minimal LCXPXR motif. The limited length of this motif can be inserted into N-or C-termini or surface exposed loops of unrelated proteins without signicant disturbance of the structure and stability of the parent protein. 22, 23, 33, 34 On the other hand, comparison of kinetic parameters from in vitro studies with 9-, 14-and 23-residue substrates showed that longer substrates are recognized with signicantly higher affinity. 18, 19, 35 The structure of tcFGE_Cu_S provides a convincing explanation for this observation. The C-terminal residues Arg5-Ile8 adopt a dened secondary structure that positions Ile8 for additional hydrophobic contact with FGE. Likewise, Pro-2 also makes a specic contact with the enzyme that has not been observed in the structure of hsFGE_S. The more comprehensive picture of the enzyme:substrate interaction seen in the structure of tcFGE_-Cu_S could provide a valuable starting point for the design of FGE variants that accept alternative motifs with applications in orthogonal bifunctionalization of recombinant proteins. 36 
Primary and secondary coordination sphere
The structure of FGE_Cu_S demonstrates that the peptidyl cysteine (Cys1) from the substrate is a direct ligand of the catalytic Cu(I). This nding corroborates XAS observations suggesting trigonal coordination of Cu(I) by scFGE and its substrate. 27 The three thiol side chains of Cys269 (Cu-S Cys269 : 2.2Å), Cys274 (Cu-S Cys274 : 2.3Å) and the Cys1 (Cu-S Cys1 : 2.2Å) coordinate Cu(I) in an irregular trigonal planar complex with signicant deviations from the expected 120 S-Cu-S bond angles (S Cys269 -Cu-SC ys274 : 108 ; S Cys274 -Cu-S Cys1 : 104 ; S Cys269 -Cu-S Cys1 : 147 ). The angle between the two FGE-derived cysteines and Cu(I) is signicantly smaller than the value (134 ) derived from DFT-based modelling based on the structure of scFGE_Cu. 27 observed in bulk water, 37 suggesting that the two crystallographic waters are held in unstable positions. Release of H 2 O_1 and H 2 O_2 from this pocket may provide important enthalpic driving force to enhance O 2 -binding (see below). [38] [39] [40] [41] Inspection of the next neighbors to Ser266, H 2 O_3 and H 2 O_4 provides information about the position of the protons in this hydrogen-bonding network. In addition to contacting H 2 O_1, the side chain of Ser266 also hydrogen bonds with the backbone amide of Leu268 (3.0Å). This interaction suggests that Ser266 is a hydrogen-bond donor with respect to H 2 O_1. H 2 O_3 is in hydrogen-bonding contact with Trp108 (2.9Å), Trp109 (2.9Å) and the backbone carbonyl of Leu-1 of the substrate (2.7Å). This tetrahedral system suggests that H 2 O_3 is a hydrogen bond donor with respect to H 2 O_2. H 2 O_4 is in contact with the backbone carbonyl of Leu268 (2.8Å) and is otherwise engulfed by hydrophobic moieties of Phe194, Tyr273 and Cys269. This environment too suggests that H 2 O_4 is a hydrogen bond donor with respect to H 2 O_2. Hence, the pocket that hosts H 2 O_1 and H 2 O_2 in the tcFGE_Cu_S structure appears as a highly acidic microenvironment.
Hydrogen bonding to metal-coordinated thiolates are known to affect the nucleophilicity and redox potential of metal-thiolate complexes. [42] [43] [44] [45] Such interactions are indeed observable in tcFGE_Cu_S. Cys1 makes two weak hydrogen bonds to H 2 O_2 and Arg276, 3.3Å, Cys269 hydrogen bonds to H 2 O_1 and the backbone amide of Ser266 (3.3Å), whereas Cys274 only points to the backbone amide of His270 (3.6Å). This network may play an important role in stabilizing the high electron density of the tris-thiolate Cu(I) complex. Incidentally, Cys274 appears as the least stabilized thiolate in the complex suggesting that this residue may be most vulnerable to oxidation during catalysis or as a result of abortive side reactions (see below).
Comparison of Ag, Cu and Cd-bound FGE reveals a sequence of coordination changes
The structure of tcFGE_Cu_S (resolution: 1.04Å) complements the structures of the same enzyme in complex with Ag(I) (resolution: 1.66Å) or with Cd(II) (tcFGE_Cd, PDB: 5NYY, resolution: 1.28Å). Comparison of the three structures provide a highresolution picture of the structural changes that take place as the coordination sphere expands from linear to trigonal to tetrahedral in order to allow inner-sphere coordination of substrate and O 2 .
Superposition of the tcFGE_Ag and tcFGE_Cu_S structures highlights three signicant changes that are induced by substrate binding. First, the metal center moves by 1.1Å as it changes from linear to trigonal coordination (Fig. 3 ). This movement reduces the distance from the metal to H 2 O_1 and H 2 O_2 by about 0.3Å and 0.8Å respectively. As a second change, H 2 O_1 and H 2 O_2 are displaced by 0.6Å from predominantly tetrahedral to purely trigonal planar hydrogen bonding environments. In addition, the interaction partners of H 2 O_2 change. In tcFGE_Ag H 2 O_2 hydrogen bonds with four partners: H 2 O_1 (2.6Å) H 2 O_50 (equivalent to H 2 O_3, 2.8Å), H 2 O_105 (2.7Å) and Tyr273 (2.8Å, Fig. S7 †) . Substrate binding displaces H 2 O_105, leaving H 2 O_2 with only three nearest neighbors in tcFGE_Cu_S. In addition, the side chain of Tyr273 is rotated out of the active site to establish a hydrogen-bond to the backbone amide of Leu-1 of the substrate. Instead, H 2 O_4 is recruited as third neighbor of H 2 O_2 in tcFGE_Cu_S. This exchange is likely accompanied with a change in hydrogen bond polarity. In tcFGE_Ag Tyr273 hydrogen bonds with the backbone carbonyl of Leu268 (2.7Å) ( Fig. S7 †) , indicating that Tyr273 is a hydrogen bond acceptor with respect to H 2 O_2. In contrast, H 2 O_4 in tcFGE_Cu_S likely acts as a hydrogen bond donor (see above). These changes suggest that substrate binding induces destabilization of H 2 O_1 and H 2 O_2. A third substrate-induced change occurs at Cys274. The dihedral angle along Ca-Cb of this residue changed by 58 (Na-Ca-Cb-S) and the amide function between Cys274 and Asn275 rotated by 135 presumably as a result of the change from linear to trigonal Cu(I)-coordination ( Fig. S6 †) . A similar rotation was observed in the tcFGE_Cd structure (135 ). Hence, this reorganization also seems to be driven by substrate binding.
The structure of tcFGE_Cd provides a model for the enzyme with a tetrahedral coordination site which may be required simultaneous coordination of the substrate and a reactive oxygen species. 27 Superposition of the structures of tcFGE_Cu_S and tcFGE_Cd shows that the transition from trigonal to tetrahedral coordination moves the metal again by 0.8Å and reduces the distance between the metal and the position of H 2 O_1 and H 2 O_2 down to 2.8Å and 2.7Å (Fig. 3) . Tyr273 adopts the same position as in tcFGE_Ag, conrming that the orientation of this residue is dependent on the presence of substrate, rather than on the geometry of the meal complex ( Fig. 3) . Otherwise, the tcFGE_Cu_S and tcFGE_Cd structures are remarkably similar, suggesting that most active site reorganization that occurs en route from the Cu(I) resting state to the reactive complex may be induced by substrate-binding.
Trp228 and Ser266 form an anion binding site
The structure of tcFGE_Cu_S identies the position of H 2 O_1 and H 2 O_2 as the only available pocket for O 2 to initiate an interaction with the copper center. The opposite face of the trigonal complex is blocked by the side chains of Trp228 and Arg276. Hence, further scrutiny of the subtle changes that occur at this site in response to substrate binding may provide additional insight as to how this unusual metal center can activate O 2 . The apo structures of hsFGE (PDB: 1Y1E) 29 and scFGE (PDB: 2Q17), 30 the metalated forms tcFGE_Ag, 26 scFGE_Cu, 27 and tcFGE_Cu_S all contain one crystallographic water (H 2 O_1) in hydrogen-bonding distance to Ser266 (2.6-2.8Å) and Trp228 (2.9-3.2Å, Fig. S7 †) . In the apo structures the hydrogen bonds with Trp228 are likely weak due to a small bond angle (N-H-O < 130 , Table S4 †). Nevertheless, several crystal structures of hsFGE with halides bound to the approximate position of H 2 O_1 indicate that this pocket is endowed with signicant affinity for anionic species. 32, 46 Most interestingly, addition of metal and substrate to tcFGE increased the bond angle between H 2 O_1 and the indole of Trp228 to 148 (tcFGE_Ag) and 157 (tcFGE_Cu_S) (Table S4 †), suggesting that the presence of metal and substrate also increases bonding interactions at the O 2 -binding site. Also, based on the observed anion-affinity of this pocket we have proposed previously that H 2 O_1 in tcFGE_Ag might be a hydroxide that serves as the base that deprotonates the thiol of the incoming peptidyl cysteine. 26 
Observation of Trp228 by NMR
To examine the hydrogen bonding interaction between H 2 O_1 and Trp228 in more detail we used NMR spectroscopy. In addition to directly interrogate the chemical environment of specic protons NMR spectroscopy has the key advantage over X-ray measurements (at low temperatures) that the enzyme is examined in solution and at room temperature. 1 H-15 N TROSY HSQC spectra (transverse relaxation-optimized spectroscopy heteronuclear single quantum correlation) were measured using uniformly 15 N-labelled tcFGE and tcFGE W228F in apo form and in complex with Cu(I) on a 600 MHz Bruker NMR instrument. 47 Superposition of these spectra, in combination with a triple resonance HNCO experiment that distinguishes amide-specic resonances from indole-specic resonances ( Fig. S8 and S9 †), 48 allowed unambiguous identication of the H 31 and N 31 signals relating to the indole side chain of Trp228 (Fig. S10 -S12 †). The chemical shis of indole H 31 and N 31 signals are highly sensitive to their environment, reporting on the solvation of the N-H function and the aromatic ring system. 49, 50 Therefore, we reasoned that the Trp288 signal could be used to monitor the protonation state and movements of H 2 O_1. The recorded spectra show that addition of Cu(I) to apo tcFGE induced a signicant downeld shi of the H 31 signal (Table 1 and Fig. 4) . Addition of the substrate to tcFGE_Cu induced a further H 31 shi of similar magnitude. Addition of metal also caused slight deshielding of N 31 , consistent with increased strength of the hydrogen bond between H 2 O_1 and Trp228. In contrast, addition of substrate caused a marked shielding effect. Inspection of the crystal structures shows, that the indole ring of Trp228 is solvent exposed in tcFGE_Ag and is buried in tcFGE_Cu_S (Fig. S13 †) . Hence, addition of the substrate reduces the polarity of the medium above the indole ring consistent with the observed shielding effect. The observed deshielding of the indole proton is fully consistent with the proposition that metal and substrate binding increase bonding interactions at the O 2 -binding site.
Complexation of apo tcFGE with Ag(I) induced a signicantly smaller downeld shi of the H 31 /N 31 signal than observed for Cu(I) ( Table 1 and Fig. 4) . A likely cause for this small but signicant difference is that the bond angle between the sulfur ligands and the metal is larger for Ag(I) than for Cu(I). 27 This slight movement of the metal would push H 2 O_1 closer to Trp228, and therefore strengthen the interaction between the two. The structures of tcFGE_Ag (S-Ag-S: 178 ) and scFGE_Cu (S-Cu-S: 171 ) indeed document a small structural difference. 27 Addition of the substrate to tcFGE_Ag shied the H 31 /N 31 signal of tcFGE_Ag_S to exactly the same position as measured with tcFGE_Cu_S ( Table 1 ), suggesting that the two complexes adopt very similar structures. The crystallographic and spectroscopic ndings validate Ag(I) as a reliable structural mimic of Cu(I) in FGE.
Using this sensitive NMR methodology, we examined the proposition that H 2 O_1 in the tcFGE_Cu is stabilized as a hydroxide. Even though H 2 O_1 is not a metal ligand, it is possible that the proximity of an additional cationic charge, compounded by the interactions with Ser266 and Trp228 could stabilize a hydroxide at physiological pH. Since the pK a of water closely matches that of indole rings, a hydrogen bond between indole and hydroxide is likely stronger than between indole and water. Superposition of three 1 H-15 N TROSY HSQC spectra for tcFGE_Cu measured at pH 6, 7 and 8 showed no change of the Trp228 signal relative to other indole-specic resonances (Fig. 4 ). Based on this observation we concluded that either the pK a of H 2 O_1 is far below 6, or that H 2 O_1 is neutral at physiological pH. The second option is far more likely.
Role of Ser266 and Trp266 in the resting state and in catalysis
Finally, we examined the effect of the Ser266 to Ala mutation on the interaction of H 2 O_1 with Trp228. 1 H-15 N TROSY HSQC 19 The structure of tcFGE_Cu_S visualizes how the enzyme achieves regiospecicity. All three cysteines approach Cu(I) in a similar angle (Cb-S-Cu: 103-120 ) and place their Cb at a similar distance to the copper center (3.2-3.5Å). However, only the pro-(R)-b-hydrogen of the substrate points towards the presumed O 2 -binding site (Fig. 5 ).
The second unusual feature of FGE is that the substrate and the reactive oxygen species both coordinate to the metal. 1, 27 Metaldependent oxidases oen bind O 2 via displacement of a weakly bound metal ligand, such as water, at a pre-formed coordination site. Formation of the coordination bond is accompanied by reduction of O 2 to superoxide via inner-sphere electron transfer. For example, PHM coordinates Cu(I) via the side chains of two histidines and one methionine in a near tetrahedral geometry. The fourth ligand is a water molecule that is displaced by O 2 . 9,10 In LPMO Cu(I) is coordinated by a histidine brace (Na/Np) and the side chain of a second histidine. 7 The square planar coordination sphere is completed by a chloride or a water molecule lling the dedicated O 2 binding site. CAO coordinates copper with three histidines and a loosely bound water. Displacement by O 2 occurs without change in the coordination geometry. 11 We note that the path leading to the cupric superoxide in CAO is controversial. In the conventional mechanism O 2 forms a coordination bond with Cu(I). 53 An alternative proposal suggests that prebound O 2 is rst reduced by a protein-derived redox cofactor, and then combines as superoxide with Cu(II). 54 In contrast to these enzymes, the substrate complex of tcFGE contains no preformed coordination site for a fourth ligand. The tris-thiolate Cu(I) complex is completely planar and the closest crystallographic waters (H 2 O_1 and H 2 O_2) are too distant for attractive interactions. Hence, direct binding of O 2 would require a change in coordination geometry. The structure of tcFGE in complex with Cd(II) showed a tetrahedral coordination sphere around this bivalent metal. Therefore it is plausible that oxidation of Cu(I) to Cu(II) may trigger a change from trigonal planar to tetrahedral coordination. 26 Importantly, if O 2coordination requires structural change, and this change requires oxidation of Cu(I), it is unlikely that this redox reaction occurs via inner-sphere electron transfer as in other mononuclear copper enzymes. A more plausible scenario is that O 2 rst binds to the active site without direct contact to the metal (C, Fig. 6 ). Outer sphere electron transfer from Cu(I) to prebound O 2 followed by coordination would produce the predicted cupric superoxide complex (D). The efficiency of outer sphere electron transfer would critically rely on a binding site that increases the redox potential of pre-bound O 2 . This requirement highlights the third unusual feature of FGE. The presumed O 2 -binding site in tcFGE is lined with an extensive array of hydrogen bond donors. Hydrogen-bonding has been recognized as important modulator of the stability and reactivity of copper-coordinated oxygen species in enzymes and in abiotic catalysts. 1, 2, [55] [56] [57] For example, hydrogen-bonding to the proximal oxygen atom of a synthetic cupric superoxide complex has been shown to increase its stability and its propensity for hydrogen atom abstraction in direct correlation with hydrogen-bonding strength. 55 Furthermore, specic hydrogen-bonding to the distal or to the proximal oxygen has been shown to affect the activity of copper-oxygen adducts in very different ways. 56 On the other hand, oxygen-binding pockets lined by four well-positioned hydrogen bond donors are rare among metal-dependent catalysts. Studies on synthetic cages showed that solvation of O 2 with multiple amide-or amine-donated hydrogen bonds can signicantly stabilize superoxide and peroxide anions. 58, 59 The acidic O 2 -binding pocket in FGE may play a similar stabilizing role and thereby facilitate electron transfer from the electron-rich tris-thiolate Cu(I) to O 2 . The observation that mutation of Ser266 or Trp228 dramatically reduce the activity of tcFGE is consistent with this interpretation.
Conclusions
In this report we describe the crystal structure of tcFGE in complex with Cu(I) and a 17-residue peptide. Comparisons of this complex with the structures of tcFGE bound to Ag(I) or Cd(II) highlight substrate-induced changes that may prime the active site for O 2 -binding. On the other hand, we also found that substrate binding does not induce a preformed coordination site for O 2 at the metal center. These observations raise the possibility that FGE activates O 2 in a different way than other metallo-enzymes. Specically, we propose that O 2 rst extracts an electron from Cu(I) via outer sphere electron transfer before combining to a cupric superoxide species. This and other testable hypotheses emanating from our structural investigating set the stage for deciphering the detailed mechanism of this unusual oxidation catalyst. We also hope to inspire the synthesis and characterization of abiotic catalysts that exploit this reactivity of bis-and tris-thiolate coordinated copper species.
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